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ABSTRACT
The quasar PG 1302−102 is believed to harbour a supermassive binary black hole
(SMBBH) system. Using the available 15 GHz and 2− 8 GHz, multi-epoch Very Long
Baseline Array data, we constrain the pc-scale jet properties based on the inferred
mean proper motion, including a bulk Lorentz factor > 5.1± 0.8, jet inclination angle
6 11.◦4±1.◦7, projected position angle = 31.◦8, intrinsic half opening angle 6 0.◦9±0.◦1
and a mean 2 − 8 GHz spectral index of 0.31. A general relativistic helical jet model
is presented and applied to predict quasi-periodic oscillations of ∼ 10 days, power
law power spectrum shape and a contribution of up to ∼ 53 percent to the observed
variable core flux density. The model is used to make a case for high resolution, mod-
erately sampled, long duration radio interferometric observations to reveal signatures
due to helical knots and distinguish them from those due to SMBBH orbital activity
including a phase difference ∼ pi and an amplitude ratio (helical light curve ampli-
tude/SMBBH light curve amplitude) of 0.2 − 3.3. The prescription can be used to
identify helical kinematic signatures from quasars, providing possible candidates for
further studies with polarization measurements. It can also be used to infer promis-
ing SMBBH candidates for the study of gravitational waves if there are systematic
deviations from helical signatures.
Key words: black hole physics – galaxies: active – galaxies: jets – galaxies: quasars:
individual: PG 1302−102 – galaxies: quasars: supermassive black holes
1 INTRODUCTION
Recent intensive studies of the quasar PG 1302−102 have
brought into focus the possible ubiquity of supermassive bi-
nary black hole (SMBBH) systems powering active galactic
nuclei (AGN) (e.g. Begelman et al. 1980), which is expected
in the context of hierarchical models of cosmological evolu-
tion (e.g. Volonteri et al. 2003; Kulier et al. 2015) as well
as in galaxy mergers (e.g. Komossa et al. 2016) including
simulations (e.g. Menou et al. 2001; Rosˇkar et al. 2015).
The detection of a SMBBH system has been approached
through multiple observational and theoretical schemes, in-
cluding the search for kpc-separated dual AGN (e.g. Ko-
mossa et al. 2003; Bianchi et al. 2008; Comerford et al. 2012;
Woo et al. 2014), which could be in a merging state; follow-
? E-mail: pmohan@shao.ac.cn
† E-mail: antao@shao.ac.cn
up studies of identified double-peaked narrow emission lines
from AGN, by an optical spectral analysis (e.g. Xu & Ko-
mossa 2009), and very long baseline interferometry (VLBI)
observations of the radio jet morphology (e.g. Frey et al.
2012; An et al. 2013a; Kun et al. 2014; Deane et al. 2014;
Bondi et al. 2016; Gaba´nyi et al. 2016); quasi-periodic vari-
ations in optical flux (e.g. Valtonen et al. 2008; Graham
et al. 2015b,a; Liu et al. 2015; Charisi et al. 2016), ultravi-
olet (D’Orazio et al. 2015b), and in the optical continuum
and emission lines (Li et al. 2016); unique signatures in the
optical to ultraviolet spectrum (Yan et al. 2015), expected
to emerge from sub-parsec binary activity; and, the draw-
ing of observable inferences from simulations of the SMBBH
involving the accretion disk, jet, and their interactions (e.g.
Goicovic et al. 2016).
An important space with a strong potential for novel
discoveries has been opened recently with the detection
of gravitational waves from the coalescence of two stellar-
c© 2016 The Authors
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mass black holes (M• ∼ 30M) by the Laser Interferome-
ter Gravitational-wave Observatory (LIGO; Abbott et al.
2016). The SMBBH (M• = 108 − 1010M) coalescence
in galaxies at redshift z 6 1.5 is expected to produce a
gravitational wave background with a strain amplitude of
∼ 10−15 − 10−16 at the nano-Hz frequencies (Ravi et al.
2015; Arzoumanian et al. 2016) which may not be detected
by LIGO owing to its operational sensitivity tuned for de-
tection at high frequencies (e.g. 10 − 103 Hz). However,
this background can be detected using pulsar timing arrays
(PTAs; e.g. Sesana et al. 2008; Hobbs et al. 2010), which
employ a highly accurate estimate of the pulse arrival times
from a growing number of stable pulsars in order to detect
any changes in strain amplitudes resulting from the grav-
itational wave signals at the nHz frequencies. In addition,
the proposed European Laser Interferometer Space Antenna
(e-LISA; Amaro-Seoane et al. 2012) is sensitive to detect
gravitational waves in the (10−4 − 1) Hz frequency range
which is expected to be dominated by the inspiral, merger
and ringdown events from lower mass (M• = 106 − 108M)
SMBBH systems (e.g. Klein et al. 2016).
The quasar PG 1302−102, at a redshift z = 0.2784
(Marziani et al. 1996) was identified as a strongly optically
variable source with a possible periodicity of 1884 ± 88 d
(observer frame) in a systematic time series analysis of the
light curves spanning ∼ 9 y from 247,000 spectroscopically
identified quasars in the Catalina Real-time Transient Sur-
vey (CRTS; Graham et al. 2015b). The study discusses the
origin of the optical periodicity in the context of jet preces-
sion, a warped accretion disk and periodic accretion and ar-
gues for its association with the orbital motion of a SMBBH
with separation d 6 0.01 pc. Motivated by hydrodynamic
simulations of circum-binary disks in an unequal-mass (black
hole mass ratio q = M1/M2 6 0.1) SMBBH system, the
study of D’Orazio et al. (2015b) indicates that the circum-
secondary disk dominates the total flux and the variability,
and relativistic beaming provides an explanation for the op-
tical periodicity. The observed variability is attributed to
the orbital motion of an over-dense region in the circum-
binary disk for a near equal mass (0.3 6 q 6 0.8) SMBBH
system (D’Orazio et al. 2015a), where the orbital period of
this region is (3−8) times the binary orbital period, leading
to a reduced separation, d ∼ 0.003 pc. A statistical analysis
of the compiled optical light curve is carried out in Charisi
et al. (2015), finding no evidence for statistically significant
harmonics of the observed optical periodicity, which are ex-
pected from hydrodynamic simulations. The study of Jun
et al. (2015) presents the 3.4 and 4.6 µm infrared archival
light curves and detects a time lag from the optical emission,
consistent with it being re-processed by the AGN torus and
implying that the optical periodicity is of disk origin. The pc-
scale and kpc-scale radio properties of PG 1302−102 jet are
studied by Kun et al. (2015) to address the jet variability,
its morphological properties, the emission of gravitational
waves during the inspiral and associated timescales, also ob-
taining a constraint of q > 0.08. Assuming the beamed jet
model scenario proposed by Graham et al. (2015b), they ob-
tain similar kinematic parameters which are discussed and
compared in the following section.At the kpc-scale, a two-
sided, asymmetric jet with wider intrinsic half opening angle
and inclination angle with possible expanding helical struc-
ture are inferred.
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Figure 1. The 15 GHz flux density (Sν) variation with observa-
tion time for individual VLBI components C1–C6.
Our paper is organized as follows: in Section 2, we esti-
mate kinematic parameters and spectral indices for the pc-
scale jet of PG 1302−102; in Section 3, we present the helical
jet model and describe its applicability; in Section 4, we sim-
ulate the expected light curves and component trajectories
for PG 1302−102. The model is applied to infer helical signa-
tures in the variable core flux density. The expected variabil-
ity from helical kinematics is then distinguished from that
arising in a SMBBH scenario; in Section 5, the results are
presented and the applicability of the analysis is discussed
in the context of being a preliminary search for helical sig-
natures (possibly due to magnetic fields) and in aiding in
the discovery of SMBBH systems.
2 PARSEC-SCALE JET PROPERTIES
The kinematic and flux density variability data used in the
following analysis are that reduced by Kun et al. (2015) us-
ing calibrated VLBI visibility data of PG 1302−102 from
the MOJAVE 15 GHz survey (Lister et al. 2009b) using the
Very Large Baseline Array (VLBA), spanning 20 epochs be-
tween 1995 − 2012. The VLBI images obtained during the
snapshot observations (Lister et al. 2013) can be used to
study the pc-scale evolution over the observation epochs1.
Six resolved bright components C1–C6 are identified in the
pc-scale jet from model fitting. For details on the data reduc-
tion procedure, including the Gaussian model fitting, core
and component identification and extraction of their posi-
tions and flux density, we refer the reader to the discussion in
Section 2 of Kun et al. (2015). Our re-analysis of these data
here serves the purpose of estimating the jet kinematic pa-
rameters in an independent manner (in the earlier study, the
Doppler factor and subsequent kinematic parameters were
estimated from the measured brightness temperature), and
to further the discussion on the pc-scale jet properties. The
flux density (Sν) variation of the components is presented
in Fig. 1.
For right ascension R.A. (in mas) and declination DEC.
1 All MOJAVE images and calibrated visibility data of PG
1302−102 are available from http://www.physics.purdue.edu/
astro/MOJAVE/sourcepages/1302-102.shtml
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(in mas) relative to the core position, we fit a linear function
to the core separation ω = (R.A.2 + DEC.2)1/2 (mas) as a
function of observation time τ˜ (in yr) for each component
to obtain their proper motion µ = dω/dτ˜ (mas yr−1), in the
range (0.17−0.41) mas yr−1 with a mean of 0.27±0.04 mas
yr−1, and presented in Table 1.
Assuming a flat cold dark matter dominated cosmol-
ogy with matter energy density Ωm = 0.308 and Hubble
constant H0 = 67.8 km s
−1 Mpc−1 (Planck Collaboration
et al. 2015), the scale at z = 0.2784 is 4.357 kpc arcsec−1
and the corresponding luminosity distance DL = 1468.7
Mpc (Wright 2006). We derive the jet properties assum-
ing a conically shaped jet, supporting a bulk relativistic
flow with constant opening angle and speed. For the mean
proper motion µ = 0.27 ± 0.04 mas yr−1, the transverse
speed (apparent superluminal speed in units of the speed of
light c) is β⊥ = 5.0 ± 0.8, the corresponding jet bulk speed
β > β⊥/(1+β2⊥)1/2 = 0.980±0.006, and bulk Lorentz factor
Γ = (1 − β2)−1/2 > 5.1 ± 0.8 (equal to the Doppler factor
D). The associated inclination angle to the observer line of
sight i 6 cos−1 β = 11.◦4± 1.◦7.
We then determine the angle enclosing all jet compo-
nents and hence, the projected and intrinsic jet half open-
ing angle by fitting the relative DEC. versus R.A. of all
components, presented in Fig. 2. A linear fit to the rela-
tive DEC. versus R.A. data gives the mean jet axis direc-
tion with a normalization of 0.017 and a slope of 1.61 from
which, the mean projected position angle λ = 31.◦8 ± 0.◦2,
here defined to be clockwise from the Y -axis (DEC.). With
the fit residuals, we determine the position of minimum
and maximum deviations from the jet axis, used to pre-
scribe the jet boundaries. The projected half opening an-
gle for the inner and outer boundaries are 3.◦3 and 5.◦8 re-
spectively with a mean ψ = 4.◦5 ± 1.◦3. The intrinsic half
opening angle is θ0 = ψ sin i 6 0.◦9± 0.◦1. The inferred kine-
matic parameters are summarized in Table 1. The study
of Kellermann et al. (2004) identifies a composite compo-
nent in three snapshot observations of PG 1302-102 between
1995–1999, giving λ = 30◦, µ = 0.31 ± 0.05 mas yr−1 and
β⊥ = 5.6 ± 0.9. The study of Kun et al. (2015) identifies
six components in the multi-epoch observations and, from
an assumed maximum equipartition brightness temperature
(intrinsic temperature) of 5× 1010 K, determines a median
D = 18.5±3.6, Γ = 10.8+1.7−1.9, λ = 31.◦6±0.◦6, θ0 = 0.◦20±0.◦05
and i = 2.◦2 ± 0.◦5. The study of Lister et al. (2016) identi-
fies five components in the multi-epoch observations, giving
λ = (29.◦5− 32.◦9), µ = (0.18± 0.02− 0.49± 0.02) mas yr−1
and β⊥ = (3.1 ± 0.4 − 8.5 ± 0.3). Our parameter estimates
are within the range reported by these earlier studies. The
estimated Γ, θ0 and i differ but as they are evaluated as
limits, using only the kinematical information as opposed to
the calculation of D and subsequent parameters from the
apparent brightness temperatures in Kun et al. (2015).
In Fig. 2, all components are within the outer boundary
till (R.A.,DEC.) ∼ (0.5, 1) mas and are clustered closer to
the mean beyond this region, and contained within the in-
ner boundary. The components C2, C3 and C4 which are
mainly contained within the inner boundaries in the re-
gion (R.A.,DEC.) > (0.5, 1) mas are associated with higher
proper motions. If we identify C4 with the component no.
4 of Lister et al. (2016) (based on its high proper motion;
correspondence with their Tables 4 and 5 including a mean
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Figure 2. The jet half opening angle is estimated from the com-
ponent (R.A.,DEC.) distribution. The mean jet axis is the red
dot-dashed line. The projected half opening angle from the outer
boundaries (black, dashed lines) is ψ = 5.◦8 and from the inner
boundaries (blue dashed lines) is 3.◦3 with a mean of ψ = 4.◦5±1.◦3.
separation of 3.39 mas), it is inferred to decelerate with ∼
49 µas yr−2 in the direction parallel to the apparent mo-
tion indicating possible slowdown due to ballistic motion or
interaction with the interstellar medium, resulting in the re-
gion beyond (R.A.,DEC.) ∼ (1.1, 1.8) mas being populated
only by the components C2 and C3.
The source was also observed with the VLBA simulta-
neously in the S band (∼ 2 GHz) and X band (∼ 8 GHz)
during five epochs spanning between 1997 − 2005. We fit-
ted single elliptical Gaussian brightness distribution model
components to the visibility data2 with DIFMAP (Shepherd
1997). The model fitting results are presented in Table 2
which includes the observation epoch, the central observing
frequency, flux density, fitted component major axis θmaj,
axis ratio, component position angle (P.A.), and the spec-
tral index, calculated assuming that the flux density Sν and
observing frequency ν are related by Sν ∝ ν−α. The inferred
spectral index α ranges between 0.18−0.48, indicating a flat
spectrum source with a mean α¯ = 0.31. There is a hint of
steepening of α with observation epoch and total flux den-
sity indicating that the optically-thin jet based contribution
could be significant during later epochs. Though, with the
available sparsely sampled data and the lack of additional
simultaneous multiband data, it is difficult to track the evo-
lution and infer whether it is due to any underlying physical
process.
3 KINEMATIC MODEL
The kinematic jet models presented in Mohan & Mangalam
(2015b) involve the orbital motion of short-lived flux frozen,
relativistic plasma blobs or jet knots (over-dense pockets
acted on by centrifugal driving, radiation pressure and grav-
itational force of the black hole) outflowing along a magnetic
flux surface composed of contours of constant magnetic flux,
2 The calibrated data sets were downloaded from the Astrogeo
Database maintained by L. Petrov, http://www.astrogeo.org
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Kinematic quantity Symbol Estimate
Component proper motion (mas yr−1) C1 0.17± 0.03
C2 0.26± 0.01
C3 0.39± 0.01
C4 0.41± 0.03
C5 0.24± 0.02
C6 0.17± 0.02
Apparent speed (units of c) β⊥ 5.0± 0.8
Intrinsic speed (units of c) β > 0.980± 0.006
Bulk Lorentz factor Γ > 5.1± 0.8
Position angle λ 31.◦8± 0.◦2
Inclination angle i 6 11.◦4± 1.◦7
Projected half opening angle ψ 4.◦5± 1.◦3
Intrinsic half opening angle θ0 6 0.◦9± 0.◦1
Table 1. Kinematic parameters inferred from the core separation
data and the relative position data (Fig. 2).
Epoch ν Sν θmaj Axis P.A. α
(GHz) (mJy) (mas) ratio (◦)
1997.027 2.27 869 1.99 0.0 21.9 0.26
8.34 617 1.01 0.038 32.7
1997.344 2.27 1199 1.56 0.0 29.8 0.18
8.34 943 1.04 0.315 29.5
1999.466 2.29 1055 1.30 0.538 21.1 0.26
8.65 750 1.06 0.287 33.6
2001.823 2.30 1037 1.45 0.393 34.4 0.35
8.65 652 1.61 0.157 31.2
2004.531 2.31 742 2.10 0.347 30.4 0.48
8.65 395 1.92 0.143 30.1
Table 2. Results from the model fitting of S and X band VLBA
visibility data. The mean spectral index α˜ = 0.31. The fitted Sν
are assumed to be accurate to 5 % and the uncertainties for θmaj
are 6 0.01 mas.
with the field lines anchored to the accretion disk. The un-
derlying bulk plasma flow has a conserved total energy E
and angular momentum L. A quasi-periodic flux variabil-
ity (days to months timescale) carrying the signature of the
knot helical motion is expected to dominate the jet emis-
sion when the instantaneous velocity vector is aligned close
to the inclination angle of the jet towards the observer’s
line of sight. It is an extension of the internal jet rotation
scenario proposed by Camenzind & Krockenberger (1992)
to include general relativistic effects on jet knot kinemat-
ics constrained to move along a conical geometry and their
observational signatures. The general relativistic model is
essential in the context of the knot kinematics and their
emission in the vicinity of the black hole which leads to
modified observational effects including a gradually additive
light curve phase shift, increased amplitude and differing
power spectrum slopes when compared to the special rela-
tivistic case. The formalism is set in Schwarzschild geom-
etry (outside non-rotating black hole) owing to the ease in
the analytic description of gravitational effects including the
redshift, light bending (due to curved space-time) and time
delay (with respect to a light ray path pointed straight to
the observer) which are imprinted on the emitted radiation
from the jet knots. In the following description, we ignore
light bending and time delay based corrections as they are
very small compared to the dominant gravitational redshift.
These effects must be accounted for in the light curve and
spectra from the inner accretion disk–corona system (e.g.
Dovcˇiak et al. 2008; Mohan & Mangalam 2015a) while we
are probing the developing jet at some distance away from
this region.
3.1 Formalism
The metric outside a Schwarzschild black hole is given by
ds2 = −(1−2rg/r)c2dt2 + dr
2
(1− 2rg/r) +r
2(dθ2 +sin2 θdφ2),
(1)
where (r, θ, φ) are the spherical polar coordinates, rg =
GM•/c2 is the gravitational radius with black hole mass M•
and t is the coordinate time measured by an observer at in-
finity. The proper time interval as measured by an observer
in the instantaneous rest frame (jet frame) is
c2dτ2 = −ds2 = c2dt2(1− 2rg/r)Γ−2, (2)
where Γ = (1 − β2Γ)−1/2 is the bulk Lorentz factor with an
associated bulk three-velocity βΓ. The time component of
the contravariant four-velocity u is
ut =
dt
dτ
= Γ(1− 2rg/r)−1/2 (3)
The Schwarzschild metric admits two Killing vectors ζ and
η. In the coordinate system (t, r, θ, φ) these vectors have the
components ζµ = (1, 0, 0, 0) and ηµ = (0, 0, 0, 1) associated
with symmetry under changes in t and φ respectively. The
conserved total energy E and angular momentum L of the
bulk flow can be expressed in terms of these as
E = −ζ·u = (1− 2rg/r) ut (4)
L = η·u = r2 sin2 θ uφ.
Using ut from eqn. (3) in the above,
E = Γ(1− 2rg/r)1/2 = ΓF , (5)
where ΓF is the asymptotic bulk Lorentz factor at large r
such as that measured by an observer at infinity. Thus,
Γ = ΓF (1− 2rg/r)−1/2 (6)
βΓ = (1− Γ−2)1/2 = (1− ΓF (1− 2rg/r))1/2 .
The four velocity components of the emitting source in the
instantaneous rest frame is uµrec = (1, 0, 0, 0) and that in the
observer frame is uµem = u
t(1, ~βΓ). The Doppler factor D is
the ratio of the energy of a photon received by an observer
at infinity (Erec) to that emitted in the instantaneous rest
frame (Eem) and is given by
D =
Erec
Eem
=
−p · urec
−p · uem =
(1− 2rg/r)1/2
Γ(1− βΓ cos ξ) , (7)
where ξ is the angle between the photon emission unit vector
nˆ and the velocity vector of the jet knots ~v. Ignoring the
effects of light bending, in the Cartesian coordinate system
(x, y, z), nˆ has the components
nj = (sin i, 0, cos i), (8)
where i is the inclination angle between the z−axis of the
jet and the observer line of sight. Then,
cos ξ =
nˆ · ~v
|~v| . (9)
MNRAS 000, 1–?? (2016)
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The time interval as measured in the observer frame dτ˜ is
related to that measured by an observer in the instantaneous
rest frame dτ by dτ˜ = D−1dτ and hence is related to the
coordinate time interval dt,
τ˜ = (1 + z˜)
∫
D−1dτ = (1 + z˜)
∫ t
0
dt(1− βΓ cos ξ) (10)
The time τ˜ accounts for the relative motion between the
relativistic source and the observer and for cosmological ex-
pansion through the redshift factor z˜. From eqn. (4), the
azimuthal velocity φ˙ and coordinate φ are
φ˙ =
uφ
ut
=
j(1− 2rg/r)
r2 sin2 θ
(11)
φ =
∫ t
0
dt
j(1− 2rg/r)
r2 sin2 θ
,
where j = L/E is the specific angular momentum. Using
the known τ˜ = τ˜(t), r and the velocity components vi can
be expressed in terms of τ˜(t). The flux density Sν,0 of pho-
tons emitted in the instantaneous rest frame is subjected to
Doppler beaming and is received by the observer at infinity
at a flux density Sν . These are related by
Sν = D
3+αSν,0, (12)
where α is the spectral index in the relation Sν ∝ ν−α in
the observer’s frame. For a beamed source, the variable flux
density due to relativistic jet knots can be studied by de-
termining D = D(τ˜) and hence Sν = Sν(τ˜) as measured
in the observer’s frame which on comparison with the ob-
served variable flux density can be used to infer the presence
of helical motion.
3.2 Component kinematics and emission
At the Alfve´n radius $A, the constrained bulk flow is in co-
rotation with the anchored magnetic flux surface. Beyond
$A, but within the light cylinder radius $L, inertial effects
due to the co-rotating surface dominate and the bulk flow
acquires the asymptotic angular momentum L. The Keple-
rian angular velocity of this co-rotating flux surface is
Ωf = $
−3/2
f cr
1/2
g , (13)
at the foot point radius $f = 6rg (radius at which the
magnetic field lines are anchored to the rotating accretion
disk, taken to be the innermost stable circular orbit, ISCO),
and the corresponding light cylinder radius is
$L = Ω
−1
f c = $
3/2
f r
−1/2
g . (14)
The launch radius of the jet knots is
$0 = f$L, (15)
where the scaled launch radius f 6 10 (e.g. Camenzind &
Krockenberger 1992; Mohan & Mangalam 199). As $0 >
$f , f > $f/$L and hence, f > $
−1/2
f r
1/2
g . The Alfve´n
radius is
$A = xA$L, (16)
where x2A 6 1. As $f = 6rg < $A 6 $L, $f/$L < xA 6
1 and hence, $
−1/2
f r
1/2
g < xA 6 1. For a conical jet, the
knot position ~xs and velocity ~v are expressed in terms of the
cylindrical radius $, azimuthal angle φ and the z distance
along the jet axis along with their associated velocities $˙,
φ and z˙ respectively. In the Cartesian coordinate system
(x, y, z), their components are
xjs = ($ cosφ,$ sinφ, z), (17)
vj = ($˙ cosφ−$φ˙ sinφ, $˙ sinφ+$φ˙ cosφ, z˙).
The cylindrical radius $ and the velocity $˙ are
$ = $0 + z tan θ0, (18)
$˙ = z˙ tan θ0.
The radial distance r and the velocity r˙, using eqns. (17)
and (18) are
r = (x2 + y2 + z2)1/2 = cot θ0(2$($ −$0) +$20)1/2, (19)
r˙ =
z˙
r
($ tan θ0 + z).
For sin θ = $/r, the polar velocity rθ˙, using eqns. (17), (18)
and (19) is
rθ˙ = − z˙$0
r
. (20)
As $ = r sin θ, and using eqns. (3) and (4), the conserved
specific angular momentum j, azimuthal velocity φ˙ and co-
ordinate φ are
j = $2(1− 2rg/r)−1φ˙ = $2A(1− 2rg/$0)−1Ωf , (21)
φ˙ =
j(1− 2rg/r)
$2
,
φ =
∫ t
0
dt
j(1− 2rg/r)
$2
.
From the condition uβuβ = −c2 and using r˙, r2θ˙2, φ˙2 from
eqns. (19), (20) and (21) respectively, with the Lorentz factor
from eqn. (5), the velocity along the jet axis z˙ is
z˙
c
= r(1− 2rg/r)
1− (1− 2Rg/r)
(
Γ−2F +
j2
$2c2
)
($ tan θ0 + z)2 + (1− 2rg/r)$20

1/2
.
(22)
The above equation is integrated to give z = z(t) and using
the relation between τ˜ and t from eqn. (10), we obtain z =
z(τ˜). Using this, we can evaluate $(τ˜), $˙(τ˜), φ(τ˜) and φ˙(τ˜)
and the changing angle cos ξ(τ˜) from eqn. (9), which when
expressed in terms of ~n from eqn. (8) and ~v from eqn. (17)
is
cos ξ =
$˙ cosφ sin i−$φ˙ sinφ sin i+ z˙ cos i
($˙2 +$2φ˙2 + z˙2)1/2
(23)
The Doppler factor in eqn. (7) is then D = D(τ˜) and hence,
the variable flux density in eqn. (12) is Sν = Sν(τ˜).
In order to infer the helical motion of jet knots in the ob-
server’s frame, the instantaneous jet positions xjs from eqn.
(17) are transformed to the observer’s Cartesian coordinates
xj◦ using x
j
◦ = RλRixjs where Rλ and Ri are Euler rotation
matrices about the observer’s Z-axis and Y -axis respectively
(e.g. as used in Kun et al. 2014), using the inclination angle
i and a translated position angle λ˜ = pi/2− λ. Then,
x◦ = $ cosφ cos i cos λ˜+ z sin i cos λ˜−$ sinφ sin λ˜, (24)
y◦ = $ cosφ cos i sin λ˜+ z sin i sin λ˜−$ sinφ ˜cosλ,
z◦ = −$ cosφ sin i+ z cos i.
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With the instantaneous coordinates xjs = x
j
s(τ˜), we deter-
mine xj◦ = x
j
◦(τ˜) to compare the model with the observed
component positions where x◦ = relative R.A. and y◦ =
relative DEC.
4 MODEL APPLICATION AND DISCUSSION
For PG 1302−102 with M• = 4×108M, the ratio rg/$0 >
0.007 for the knot launch radius $0 6 10$L ∼ 147rg in-
dicating that relativistic gravitational effects will be promi-
nent for emission from knots launched close to the black
hole. To illustrate these effects, we simulate the expected
variable light curve due to beamed emission from jet knot
motion for f = 10 in two cases (i) Γ = 10.8, θ0 = 0.
◦2 and
i = 2.◦2 obtained in Kun et al. (2015), corresponding to the
extremal case and (ii) the equalities in the limits Γ > 5.1,
θ0 6 0.◦9 and i 6 11.◦4 from the current study, correspond-
ing to the mean jet properties. The simulated light curves
showing the QPO along with their associated wavelet power
spectrum (distribution of spectral power as a function of pe-
riod and τ˜ , e.g. Mohan et al. 2016, and references therein)
and Fourier power spectrum are presented in Fig. 3 for case
(i) and Fig. 4 for case (ii).
The QPO for case (i) is centered at 1.6 days and for case
(ii) at 10.5 days. Both are characterized by QPO timescales
∼ 10 days as expected in this scenario for massive quasars
(e.g. Rieger 2004), and the presence of weak harmonics
and high frequency power law spectral shape. The spectral
shapes obtained in the above simulations are consistent with
observationally inferred shapes in a wide variety of AGN
(e.g. Mohan & Mangalam 2014; Mohan et al. 2015, 2016,
and references therein) for which the power law index typ-
ically ranges between −1.0 and −2.5. The wavelet power
spectrum of the simulated light curves shows that the QPO
is persistent throughout the duration, with power concen-
trated in portions during the beaming activity (red portions
in the wavelet power spectrum), the transient phase dur-
ing which the QPO can be inferred. The variable emission
originates from the disk-jet region consisting of the inner
accretion disk, a surrounding corona and the developing jet.
Multiwavelength flux density variability in radio-loud
AGN spans a diverse range of timescales from hours to
months and even years (e.g. as discussed in Mohan et al.
2016, and references therein). Aperiodic variability accom-
panied by strong flaring is mainly contributed to by tur-
bulent cells in the jet which can give rise to the observed
beamed emission at random intervals due to the relative mo-
tion and interaction with shocks (e.g. Blandford & Ko¨nigl
1979; Marscher et al. 2008; Marscher 2014), with a spectral
energy distribution contributed to by synchrotron and in-
verse Compton emission (e.g. Ko¨nigl 1981). Quasi-periodic
variability associated with helical jet motion can be pro-
duced by multiple mechanisms. Intrinsic jet-based mecha-
nisms include the use of angular momentum and accretion
energy supplied by the accretion disk for an internally ro-
tating jet constituting a bulk plasma flow (Camenzind &
Krockenberger 1992). External mechanisms include changes
in the accretion flow, which can also be externally driven by
a SMBBH, causing a warped accretion disk due to torquing
action (e.g. Caproni & Abraham 2004; Rieger 2004; Nixon
& King 2013); the SMBBH–accretion disk tidal interaction
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Figure 3. With parameters f = 10, α = 0.31, Γ = 10.8, θ0 = 0.◦2
and i = 2.◦2; Top: simulated light curve showing QPO evolution;
Middle: wavelet power spectrum showing the persistent QPO at
1.5 days with strong power concentration (red portion) during
the beaming activity; Bottom: Fourier power spectrum showing
evolving QPO centered at 1.6 days, its weaker harmonics and
indicating a power law shape with index −2.3.
which leads to the setting up of shocks in the disk and strong
fluctuations in the mass accretion rate resulting in periodic
flaring such as the 12-yr periodic double-peaked outbursts
in OJ 287 (e.g. Sillanpa¨a¨ et al. 1988; Lehto & Valtonen 1996;
Valtonen et al. 2008); jet precession due to a closely sepa-
rated SMBBH causing a warped inner disk or thick disk os-
cillations which is accompanied by quasi-periodic injection
of particles into the jet producing quasi-periodic timescales
and their harmonics spanning months–years (e.g. Liu et al.
2006; An et al. 2013b) or the development of instabilities
such as the Kelvin–Helmholtz instability (e.g. An et al. 2010;
Zhao et al. 2011; Wang et al. 2014, and references therein).
The Keplerian timescale P for a spinning black hole
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Figure 4. With parameters f = 10, α = 0.31, Γ = 5.1, θ0 = 0.◦9
and i = 11.◦4; Top: simulated light curve showing QPO evolution;
Middle: wavelet power spectrum showing the persistent QPO at
10.5 days with strong power concentration (red portion) during
the beaming activity; Bottom: Fourier power spectrum showing
evolving QPO centered at 10.5 days, its weaker harmonics and
indicating a flattening of the power spectrum at lower temporal
frequencies.
(Kerr space-time outside the black hole) with dimensionless
spin parameter a is given by
P = 3.1× 103(1 + z˜)
{(
r
rg
)3/2
+ a
}(
M•
108M
)
s. (25)
In the intrinsic jet-based scenarios, with r = rISCO = 6 rg
(non-rotating black hole with a = 0), P = 2.3 × 105 s (2.7
days) and with r = rISCO = 1.24 rg (maximally spinning
black hole with a = 0.998), P = 3.8 × 104 s (0.4 days), in-
dicating the typical timescale consistent with the inference
from the simulated light curves. In the binary scenarios (with
a separation d), r = (0.003−0.01) pc (Graham et al. 2015b;
D’Orazio et al. 2015b), and hence P = (3.1×107−1.9×108)
s (1−6 yrs). As there is at least 2 orders of magnitude differ-
ence between these scenarios, one can distinguish between
the identification of both in observational data.
It must be noted that as rISCO = (1.24−6)rg (a = 0.998
and a = 0 respectively), the foot point angular velocity Ωf
of the anchored magnetic flux surface is larger, leading to
differences in subsequently calculated quantities in Section
3.2. In addition, the most general problem involves the self-
consistent magnetic flux generation and stability over large
scales (here assumed to be conically structured for simplic-
ity) and the subsequent orbital motion of jet knots in this
realistic geometrical setup. This requires solving the rela-
tivistic Grad–Shafranov equation in Kerr space-time to de-
termine the magnetic flux evolution and time dependence
and eventual structuring of the bulk flow and jet knot kine-
matics, which is beyond the scope of the current work as our
focus here is mainly on the knot kinematics and expected
emission due to a fixed observationally relevant conical jet
shape and its differentiation from observational signatures
in a binary black hole scenario.We propose to include a de-
tailed self-consistent model of the field geometry in Kerr
background in the future to calculate the kinematics. In sim-
ple models where an in situ generation of the magnetic field
is not considered, the magnetic field should satisfy the gen-
eralized relativistic Grad–Shafranov equation that includes
plasma pressure, which has been addressed in previous works
(e.g. Beskin 1997; Fendt & Memola 2001; Fendt & Greiner
2001). The special case of a force-free configuration has been
considered in several works (e.g. Uzdensky 2005), where the
magnetosphere around a Kerr black hole connecting it to a
thin accretion disk is numerically evolved to investigate pa-
rameter regimes that govern the development of closed and
open field geometries, the black hole spin controlling the ra-
dial extent of the closed force-free link to the disk surface.
The use of a funnel shaped jet approximating this realistic
scenario by Mohan & Mangalam (2015b) leads to slightly
differing results from the conical jet scenario in terms of the
light curve phase shift and amplitude, though giving similar
QPO timescales and thus being consistent with the results
discussed above.
The absence of a long term and the day scale QPOs
in the current data (see Fig. 1) is likely due to the sparse
time sampling of the MOJAVE observations. The observed
component flux density variability is more likely dominated
by propagating shocks in the jet or turbulent processes (e.g.
Blandford & Ko¨nigl 1979; Marscher & Gear 1985; Marscher
2014). However, as the core flux density variations can con-
tain the Doppler boosted signature of an underlying heli-
cal jet, the flux density variations as obtained for cases (i)
and (ii) are compared with observations. From the simu-
lated light curves for cases (i) and (ii), we first evaluate
DR,j = D
3+α
j /D¯
3+α
j where D¯
3+α
j is the mean of the sim-
ulated light curve D3+αj with j = 1, 2. Then, we generate
two sinusoidal light curves, Sj with period corresponding to
the QPO central values (corresponding to the beamed por-
tion), amplitude equal to the standard deviation of DR,j ,
and mean equal to the mean of DR,j . Then, we sample Sj
at the same times as the observed core flux density observa-
tions. Finally, for each Sj , we determine ∆Sj = (Sj−S¯j)/S¯j
where S¯j is the mean of Sj , and for the observed flux density,
we determine ∆Sν = (Sν − S¯ν)/S¯ν where S¯ν is the mean of
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Figure 5. Comparison of the observed core flux density variation
(thick black line) with expectation from sinusoidal light curves
with periodicities 1.6 days (blue dashed line; case i) and 10.5
days (red dot-dashed line; case ii).
the core flux density variation. The comparison between the
data and the expectation from the simulations are presented
in Fig. 5.
The contribution of a helical knot based flux density
change to the observed core flux density is quantified using
σj/σν where σj and σν are the standard deviations of ∆Sj
and ∆Sν respectively, the ratio ranging between 0.23− 0.53
indicating that signatures from the beamed emission are
present in the core flux density variation. The contribution
can be further ascertained with observations of spectral vari-
ability (e.g. Ostorero et al. 2004), and systematic gradients
in the rotation measure from polarization measurements at
the parsec scales (e.g. O’Sullivan & Gabuzda 2009; Hovatta
et al. 2012), also expected in simulations (e.g. Broderick &
McKinney 2010; Zhang et al. 2016) which can offer evidence
for a helical jet dominated by magnetic fields.
The expected helical trajectory of a knot is evaluated
using eqn. (24) for the two cases of parameter combinations
used earlier (cases i and ii) and a position angle λ = 31.◦8.
The time taken for the trajectory to develop is the same
as that evaluated for the simulated light curves in Figs. 3
and 4 and covers the beamed duration. The trajectories are
plotted in Fig. 6.
A careful monitoring using high resolution observa-
tions of the core and the jet base over a duration span-
ning a few years with a moderate sampling will be able to
identify the observational signatures including flux density
variability and a helical trajectory. For knots launched at
$0 = 10$L ∼ 0.003 pc, the ratio $0/d = 0.3 − 1 implying
that binary activity will strongly influence flux density vari-
ability and knot motion. Any systematic departure from the
calculated trajectory (inclination angle and position angle
drift) and flux density variability amplitudes as expected for
the SMBBH scenario (Kun et al. 2014) due to accumulative
perturbation effects which will strongly indicate the presence
of a binary black hole. Optical surveys such as the CRTS,
based on the identification of ∼ years timescale QPOs from
AGN light curves (Graham et al. 2015a) offer a promising
method of detecting SMBBH systems. However, the study of
Vaughan et al. (2016) finds that AGN stochastic variability,
characterized by a red noise power spectrum shape can re-
sult in spurious detections owing to observational sampling,
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Figure 6. Expected projected trajectory of components launched
from f = 10 and λ = 31.◦8. Top: parameters combination of
Γ = 10.8, θ0 = 0.◦2 and i = 2.◦2; Bottom: parameters combination
of Γ = 5.1, θ0 = 0.◦9 and i = 11.◦4. The time span for each
trajectory is the same as that for the simulated light curves in
Figs. 3 and 4.
necessitating the calibration of the false positive rate by ac-
counting for large source samples dominated by stochastic
variability. There is thus a strong requirement for high res-
olution monitoring observations of possible SMBBH candi-
dates through direct imaging. In addition, the expected flux
density variation from the Doppler beaming of the binary
orbital signature can be used for this inference. The variable
Doppler factor due to binary orbital motion is (e.g. D’Orazio
et al. 2015b)
D• =
1
Γ•(1− β• cos φ˜ sin i˜)
, (26)
where β• is the orbital velocity of the SMBBH scaled in units
of c, Γ• = (1 − β2•)−1/2, and φ˜ and i˜ are the orbital phase
and orbital inclination, respectively. The corresponding nor-
malized flux density variation is then DR,• = D3+α• /D¯
3+α
•
where D¯3+α• is the mean of D
3+α
• . Using α = 0.31 and
β• sin i˜ = 0.074 (D’Orazio et al. 2015b), DR,• correspond-
ing to a complete binary orbital cycle (periodicity in years
timescale) is compared with DR,j corresponding to a com-
plete jet knot orbital cycle obtained during the maximum
beaming phase (periodicity in days timescale), to illustrate
the relative importance of the expected flux density varia-
tion, shown in Fig. 7. There is a noticeable phase change ∼ pi
and the amplitude ratio DR,j/DR,• = 0.2 − 3.3, indicating
that for short observation intervals of ∼ days–months, flux
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Figure 7. Comparison of DR,• (thick green line) with DR,j (blue
dashed line for j = 1 and red dot-dashed line for j = 2). There is a
noticeable phase difference ∼ pi between them and the amplitude
ratioDR,j/DR,• = 0.2−3.3 indicating that flux density variations
due to helical motion (transient and short lived) will be dominant
over short observation intervals (e.g. days–months).
density variations due to helical motion will dominate over
those due to binary orbital motion. There will be an addi-
tional contribution to D• due to the gravitational lensing of
emitted radiation by the orbiting SMBBH for favourable ori-
entations of the SMBBH orbital axis (for i˜ ∼ 90◦). For a jet
photon emitted close to the SMBBH system with an offset
impact parameter b, the lensing angle θ˜ ∼ b/DL. The impact
parameter is expressed in terms of the photon emission an-
gle ψ˜, using the light bending approximation prescribed by
Beloborodov (2002) (see eqns. (42), (43) and (44) of Mohan
& Mangalam 2015b) as
b = r sin ψ˜
(
1− 2r/rg + (4r/rg)(1 + cos ψ˜)−1
)1/2
. (27)
For r ∼ $0 ∼ 147rg and ψ˜ ∈ {0◦, 90◦}, Max(θ˜) = 0.40 µas
which is 3 orders of magnitude smaller compared to typ-
ical VLBI resolutions of mas indicating that it cannot be
resolved. Though, for nearer and less massive objects with
beamed emission, this effect is expected to be pronounced.
5 CONCLUSION
The quasar PG 1302−102 has been under recent scrutiny
owing to the possibility of it hosting a SMBBH system. The
focus of the current work is on elucidating its pc-scale jet
properties including component kinematics and the variable
flux density of the core and components. We obtain observa-
tional constraints from the 2−8 GHz and 15 GHz radio data
including kinematic parameters and spectral indices. Then,
a general relativistic helical jet model (Mohan & Mangalam
2015b) is presented and applied to infer the relevance of
the model including a comparison with expectations from
a SMBBH scenario. The main results from the study are
summarized below:
1. A mean proper motion µ = 0.27± 0.04 mas yr−1, bulk
Lorentz factor Γ > 5.1±0.8, inclination angle i 6 11.◦4±1.◦7,
projected position angle λ = 31.◦8± 0.2 and jet half opening
angle θ0 6 0.◦9± 0.◦1 are inferred.
2. A mean spectral index α = 0.31 (2−8 GHz) is inferred.
3. Simulated light curves indicate QPO timescales ∼ 10
days or less during the beaming phase with additional ob-
servational signatures including their weaker harmonics and
power law shaped power spectra.
4. It is inferred that helical signatures could contribute up
to ∼ 53 percent of the observed core flux density variability.
5. A case is thus made for high resolution, moderately
sampled, long duration (∼ years) observations to reveal
helical motion of relativistic knots and to distinguish the
expected variable flux density from that expected due to
SMBBH orbital activity, which for close separation binaries
is expected to appear as a systematic deviation from the
helical signature due to accumulative perturbation effects.
6. The distinguishing features include:
(a) A phase difference ∼ pi between DR,j (variable flux
density in helical knot scenario) and DR,• (variable flux
density in SMBBH scenario).
(b) The ratio DR,j/DR,• = 0.2 − 3.3 with DR,j domi-
nating the short duration variability (∼ days), especially
if observed during the beaming phase.
(c) The persistence of the trend DR,• over long dura-
tions (∼ years).
The prescription presented can be used to infer helical kine-
matic signatures from quasars, thus serving as a prelimi-
nary kinematics based discriminator, and providing possi-
ble candidates for further studies with polarization mea-
surements. The important inference of systematic deviations
from this signature arise especially in the context of provid-
ing promising candidates for the study of gravitational waves
emitted during the inspiral and coalescence of SMBBH sys-
tems. With instrumental facilities tuned to the discovery of
these signatures in the (10−9−1) Hz frequency range (PTAs
and e-LISA) and with the development and availability of
next generation observational facilities such as the upcoming
Square Kilometer Array (SKA), there can be a simultaneous
monitoring of the electromagnetic counterpart.
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